VO2 material is promising for developing energy-saving "smart window", owing to its thermochromic property induced by metal-insulator transition (MIT). However, its practical application is greatly limited by the relatively high critical transition temperature (~68 o C), low luminous transmittance (<60%) and poor solar energy regulation ability (<15%). Here we developed a reversible and non-volatile electric-field control on the MIT of monoclinic VO2 film. With a solid electrolyte layer assisted gating treatment, we modulated the insertion/extraction of hydrogens into/from VO2 lattice at room temperature, causing tri-state phase transitions accompanied with controllable transmission adjustment. The dramatic increase of visible/infrared transmittance during the phase transition from the metallic (lightly H-doping) to insulating (heavily H-doping) phase leads to an increased solar energy regulation ability up to 26.5%, while keep 70.8% visible-luminous transmittance. These results beat all previous records and even exceeded the theoretical limit for traditional VO2 smart window, removing intrinsic disadvantages of VO2 for energy-saving utilizations. Our findings not only demonstrated an electric-field controlled phase modulation strategy, but also open the door for high-performance VO2-based smart window applications.
Introduction
Making energy-saving materials is a hot research topic in materials science due to increasing concerns of energy crisis and sustainable development. It is known that residential buildings are responsible for almost 30-40% of the primary energy consumption in the world 1 . The so called "smart windows" made by thermochromic materials can modulate solar radiation and transmission rate according to temperature changings, making them very promising for improving energy-utilization efficiency of buildings 2 .
As a typical thermochromic material, Vanadium dioxide (VO2) has been widely investigated due to its pronounced metal-insulator transition (MIT) behavior at the critical temperature of 68 o C [3] [4] [5] [6] . During the MIT process, VO2 shows a sharp change of resistance and a pronounced optical switching behavior especially in the infrared wavelength region, which make it promising for energy-efficient coating applications [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . While due to the obstacles including the high transition temperature at ~68 o C, the low luminous transmittance (Tlum<60%) and the weak solar energy regulation ability (ΔTsol, usually <15%), VO2-based smart window is still far from practical applications [19] [20] [21] .
In this study, we developed an electrochromic smart window system based on a VO2 film with gate voltage control via a solid electrolyte. By adding gating voltage to control the hydrogen doping level, we tuned non-destructive and reversible phase transformations between the insulating pristine monoclinic VO2, metallic H1-xVO2 (0<x<1) and insulating HVO2 phases at room temperature. Synchrotron based spectroscopies were conducted to identify the crystal structures, electronic state and the orbital occupancy during such field-controlled phase transitions. Importantly, by analyzing the optical transmission properties, we demonstrated the high solar energy regulation ability (ΔTsol ~ 26.5%), via the transition between metallic H1-xVO2 (0<x<1) phase which blocks most infrared transmissions and insulating HVO2 with high visible luminous transmittance (Tlum up to ~70.8%). This not only significantly surpasses the previous reports but also exceeds the theoretical limitation of the ΔTsol 4 ~23% for pure VO2 material. The current results will be promising for practical energy-saving devices in the future.
Results

Gating induced reversible three-phase transitions for VO2 films
Electric field applied with ion liquid (IL) gating is effective to modulate the properties of metal oxide materials. Recent reports showed that gating voltage with water involved IL could induce the insertion/extraction of either oxygen anions or hydrogen cations into/from some oxides, implying phase modulation through electric field control [22] [23] [24] [25] [26] [27] . Here we adopted a gel-like solid electrolyte (NaClO4 dissolved in polyethylene oxide (PEO) matrix, see Methods section) as the gating layer (Figure 1a &1b). The solid electrolyte covered both the prepared 30-nm VO2/Al2O3(0001) thin film and the three gold electrodes. In addition, the source and drain electrodes had well contact with VO2 thin film, realizing a typical field-effect transistor (FET) configuration. Positive or negative voltages applied through the gating electrode can drive the insertion/extraction of hydrogen ions into/from VO2 lattice 26, 27 . This enabled us to drive phase transitions of VO2 film at room temperature, by adding bias voltages to tune the hydrogenating level. In fact, it is demonstrated by Son et. al.'s 28 and our recent work 29 that the catalyst-assisted hydrogenating treatment can drive reversible phase transitions among the insulating VO2, metallic H1-xVO2 (0<x<1) and insulating HVO2 phases as in Figure 1c .
As expected, phase transitions were found to be strongly dependent on voltage. This gating process is also sensitive to the temperature (Supplementary Figure 1) and higher temperature will induce faster phase transition process. Figure 2b Afterwards, with the gating voltage decreasing toward -2.0 V, the insulating HVO2 phase became the metallic state and eventually went back to the initial insulating M-VO2, finishing a full cycle. Such transition loop is ascribed to the sequential insulator-metal-insulator tri-state phase transitions. This is consistent with the resistance varying as the function of gating time in Figure 2a , as the 2.0V gating treatment gradually turned the pristine structure to the metallic state and later to the insulating phase. 6 
Gating induced Hydrogen doping in VO2 film
We then moved further to identify the varying of VO2 crystal structure along with gating treatment. By gating with positive voltage, the cations will be possibly driven into VO2 lattice. Since the radius of Na + (~0.102nm) is quite larger than that of V 4+ (~0.058nm), the Na + in electrolyte is quite difficult for replacement or insertion in VO2 lattice. In fact, the detailed XPS test (Supplementary Figure 2 ) clearly validates the situation. While from SIMS tests ( Supplementary Figure 3) , it is clearly revealed that the metallic and insulating phases induced by positive gating hold increased hydrogen concentrations. The hydrogen atoms should be possibly from the electrolytic dissociation of residual methanol or adsorbed water in the electrolyte layer [22] [23] [24] 27 . In addition, it was also observed that this H-doped VO2 films were quite stable in air ( Supplementary Figure 4) , which demonstrated the non-volatile property of the electric-field control phase transitions at room temperature. Raman tests (Supplementary Figure 5 ) on gated samples suggested the hydrogenated VO2 film showed a rutile-like phase structure and the lattice parameters were sensitive to the H-doping concentration, which further validated the insertion of hydrogen ions in VO2 lattice.
Moreover, detailed synchrotron based XPS and XANES in Figure 3 show that pronounced -OH bonds emerges in the metallic phase after gating treatment of 1.0~1.5 V, and becomes much stronger with higher voltage and longer treating time The O K-edges showed the transitions from O1s to O2p states, in which two distinct features of the t2g and eg peaks reflected the unoccupied states. The intensity ratio of t2g/eg decreased substantially with the gating treatment causing increased H-doping 7 concentration, reflecting that t2g levels including the d//* and π* orbitals were gradually filled by electrons, as shown in Figure 3b .
Theoretical simulations for the gating effects
First-principle calculations at the density function theory (DFT) level were carried out to explore the underlying microscopic mechanism. The formation energies of H-doping and hydrogen diffusion energy barrier were computed with a supercell containing different H concentrations: V4O8, HV4O8 and H2V4O8 (Figure 4a , b, c).
The formation energy of H-doping impurity is near -3.6 eV, which is insensitive to H concentrations ( Supplementary Table 1 ). This is because all H impurities are Based on these spectra measurements, the integrated luminous transmittances (380 nm-780 nm) and solar transmittances (350-2500 nm) can be calculated by the following equations 17 :
where T(λ) is the transmittance function, Φlum is equal to the standard luminous efficiency function for photopic vision, and Φsol represents the solar irradiance spectrum for an air mass of 1. Figure 5c . The data from previous reports for traditional VO2 smart window (Supplementary Table 2) are also plotted. It clearly shows that the performance of such smart window based on the transition of the metallic and insulating H-doped VO2 film appreciably surpasses previous records. Furthermore, it even breaks the theoretical limitation of the ΔTsol of ~23% for traditional VO2 smart window, which can only be achieved by texture surface design or complex multiyear film fabrication 31 .
It is known that for architectural smart coatings, the excellent luminous 9 transmittance in the visible range and high modulation efficiency in the NIR regions are important and greatly desirable. There is a long-lasting issues hindering the practical application of VO2 in smart windows: low luminous transmittance (Tlum), and poor solar energy regulation ability (ΔTsol). For traditional smart window with pure VO2 film, it is always needed to increase the VO2 film thickness for better infrared switching performace, while in this way the visible-light transmittance will be greatly decreased.This problem is caused by the intrinsic band structures and optical properties of VO2, making it very difficult to be solved for the theromochromic VO2 smart window. In addition, the relatively high criticla temperature (~68 o C) is also another big obstacle for the practical application 11, 13 . Thus in this work, the voltage controlled phase transitions between the metallic H1-xVO2
and insulating HVO2 films not only overcome the temperature issue, but also demonstrate high Tlum and large ΔTsol values in Figure 5c , showing the unique advantages for practical smart-window application.
Discussion
In this study, we have achieved a reversible tri-state phase transformation in VO2 epitaxial film by solid electrolyte assisted electric-field control. This gating-voltage controlled phase transitions are originated from the insertion/extraction of hydrogens into/from VO2 lattice. By changing the voltage, we can reversibly modulate the phase transformations among the insulating monoclinic VO2, the metallic H1-xVO2 (0<x<1) and the insulating HVO2 phase structures. The transition between metallic H1-xVO2
phase and insulating HVO2 phase shows pronounced electrochromic effects at room temperature with greatly enhanced luminous transmittance in the visible range and the highest modulation efficiency in the NIR regions. Importantly, it overcomes the primary weaknesses of the traditional VO2 smart window. Our findings thus demonstrate a facile route for phase modulation by solid electrolyte towards realistic energy-saving devices applications in the future.
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Methods
Thin-film growth. High quality VO2 (020) epitaxial films were grown on Al2O3
(0001) crystal substrate by an rf-plasma assisted oxide molecular beam epitaxy (rf-OMBE) equipment and more details for the film preparation are reported elsewhere 32 .
Solid electrolyte preparation. NaClO4 (Sigma Aldrich) dissolved in PEO (Mw = 100,000, Sigma Aldrich) matrix was used as the solid electrolyte. NaClO4 and PEO powders (0.3 g and 1 g, respectively) were mixed with 15 ml anhydrous methanol (Alfa Aesar). The mixture was then stirred overnight with the temperature kept at 50 °C until gel-like solid electrolyte was formed 33 .
Characterizations. The electric properties were conducted by Keithley 2400 sourcemeters at room temperature. For the gating test, the voltage sweep rates were set at 1.0V/2500s for the fast mode and 1.0V/10000s for the slow mode, respectively.
Raman spectra (JY LABRAMHR, Ar+ laser at 514.5 nm) were recorded for different samples at room temperature. The X-ray spectroscopy (XPS, Thermo ESCALAB 250) was used to examine the chemical states of the VO2 film samples before and after gating treatment. The X-ray absorption near-edge spectroscopy (XANES) was conducted at the XMCD beamline (BL12B) in National synchrotron radiation laboratory (NSRL), Hefei. The total electron yield (TEY) mode was applied to collect the sample drain current under a vacuum better than 3×10 -10 Torr. The high-resolution synchrotron X-ray diffraction (XRD) curves were characterized at BL14B beamline of the Shanghai Synchrotron Radiation Facility (SSRF), with beam size of 0.3mm×0.35mm and photo flux of 2×10 12 phs/s at 10kev.
First-principles calculations. All calculations are based on density functional theory (DFT), using the Vienna ab initio Simulation Package (VASP) code 34 . The exchange and correlation terms are described using general gradient approximation (GGA) in the scheme of Perdew-Burke-Ernzerhof (PBE) 35 . Core electrons are described by pseudopotentials generated from the projector augmented wave method 36 ,and valence electrons are expanded in a plane-wave basis set with an energy cutoff of 480 eV. The 11 GGA+U method is employed to optimize the structure, U and J are chosen to be 4 and 0.68 eV. The relaxation is carried out until all forces on the free ions are converged to 0.01 eV/Å. Climbing Image Nudged Elastic Band (CI-NEB) 37 method is used to find the minimum energy paths and the transition states for diffusion of H in VO2 and H-doped VO2. The transmittance at 650nm for pristine VO2 film and metallic H1-xVO2 is about 56%.
Figures and Captions
While for the insulating HVO2 film, it increases up to 72%. In the infrared region, the transmittance difference at 2000nm for pure VO2 film across the MIT process (25 o C and 90 o C) is about 40.3%, while the change from the metallic H1-xVO2 film to insulating HVO2 film is up to 49.1%. c, The comparison of Tlum and solar energy regulation ability ΔTsol between this work and previously reported data.
